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EXECUTIVE SUMMARY

Hercules Incorporated has conducted a quantitative hazards and
risk analysis on the preliminary design of the proposed ammonium
nitrate/nitric acid Transfer facility to be constructed at Holston
Army Ammunition Plant.

The evaluation of all potential fire and explosion hazards was
accomplished through the application of the Hazards Evaluation and
Risk Control (HERC) program developed by Hercules. This is a quanti-
tative technique for assessing process risk and specifically conforms
to the requirements of U.S. MUCOM Regulation 385-22, "Safety Hazards
Analysis." In addition, system failures and/or fault sequences which
could cause a loss of facility operation (spills, blockage, corrosive
failure, etc.) were evaluated through a logic modeling technique.

In this report, specific recommendations are offered witich, when
implemented, would reduce overall system risk in a cost effective
manner. These recommendations, generally consisting of minor modi-
fications in equipment design and operating procedures, will serve as
a useful guide during the subsequent completion of the facility design.

Relatively small overall fire and explosion probabilities were
determined to exist for the Transfer system, as currently designed.
This is attributed to: (1) the relative insensitivity of process
materials to standard forms of initiation, and (2) the complete lack
of an explosive potential existing in the facility during normal
operations. Under certain abnormal conditions, identified in the
analysis, an explosive potential could be present and in such cases,
specific recommendations are offered to reduce the probability of an
explosion occurring. The normal and abnormal operation of the pro-
posed electrically heated transfer line was found to contribute only
marginally to the overall facility risk.
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WARRANTY AND DISCLAIMER

Within the scope of work, Hercules warrants that it has
exercised its best efforts in performing the hazards analysis
hereunder, but specifically disclaims any warranty, expressed or
implied, that any particular standard or criterion of hazard or
accident elimination has been achieved by Holston Defense
Corporation, if Holston Defense Corporation adopts the findings
or recommendations of Hercules.
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INTRODUCTION

This is the sixth and final report for this program under Contract
083-0446 to Holston Defense Corporation (HDC) for a Hazards Analysis of
the Ammonium Nitrate/Nitric Acid (AN/NA) Transfer System, including
Tank Farms C-3 and C-7. The Transfer System, currently in the design
stage, would basically eliminate the need for loading and unloading
railroad tank cars and consequently reduce personnel exposure during
these operations.

The AN/NA Transfer System consists of: (.) the existing pump house,
(2) new 20 foot diameter Storage Tank with Heat Exchanger, (3) new pump
house, (4) new impedance heated 3 inch transfer line, and (5) existing
C-3 and C-7 Tank Farms (3 tanks each).

The requirements of the Holston Defense Corporation proposal
request (V-72-73) specified that a system analysis be performed to
identify undesirable events which have been interpreted to be fires,
explosion, personnel injury, loss of product through spills, product
blockage, corrosion, and system downtime. The occurrene of these
events is determined by a numerical (quantitative) engirmeering analysis
of the failures (mechanical, electrical, and human) oc normal occurrences
(pumping, heating, valve operations and manual cleanup) with respect to
the material response of AN/NA matc-ial tested at the specific environ-
mental conditions found in the process. Procese riska are determined and
are provided to HRC m~nagemeot together with informatioa concerning the
probability of hazardous or undesirable eventi occurring and the expected
effect on the system from the standpoint of personnel injury, equipment
damage/loss, and dowtitroe. This information will facilitate HIC manage-
ment decisions concerning changes in the design and operating criteria
so that the system can be optimized for safety, cost, productivity and
quality.

These objectives are generally specified in Army Regulations( 1 , 2 )
and are specifically stated in USAMUCOM Regulation 385-22, "Safety
Hazards Analysis," This regulation outlines the requiremento and
criteria for establishing and implemeutting Hatards Analysis techniques
for concept, development, and production phabfts for planned aoderuiza-
tion of ?(&TE programs for all USAMUCOK installations.

Hercules believes the work objectives have been accomplished through
the use of its Hazards Evaluation and Risk Control Progra, known as HERC.
This technique was developed by Hercules in 1958 and has been forwally
presented( 3 ) and generally accepted throughout the industry as a practical
and cosL-,ffective mcthod of evaluating processing hazards. In fact, the



principal concepts of the Hazards Evaluation and Risk Control program
have been incorporated in MUCOM 385-22. This approach is quantitative
in nature and utilizes a mathematical logic modeling technique in con-
junction with engineering measurements of both the "in-process" energy
and the response of processed materials to this energy to determine the
severity of any hazards (i.e., fires, explosions) or loss of production.
These data, coupled with a computer simulation using the logic model as
the format, provide the probability that such hazards or losses will
occur in the system as designed.

SUt41f

A. Obiectives

The objectives of this work were:

I. Determine the specific system functions or failures
which could cause personnel injury or deith, damage
to facility or equipment, or no product.

2. Evaluate the severity of these specific events; i.e.,
mechanical and electrical failures, fires, explosions,
and toxicity hazards.

3. Dete-.vine the probability of occurrence and safety
margins of these normal and abnormal hazardous events.

4. Provide dcsign and operLitug criteria so that the
system -Zan be optimited from the standpoint of safety,
cost and productivity while maintaiisin, ao acceptable
level of product qualit

5. Provide atatemant with sufficient iWfontatio" regarding
the probability of system failure so that tradeoff
decisions cat be made concernitn risk versus cost.

B. Results- and C•Vtclsions

"The ANMtA Transfer System has beau analyzed utilizing proven IMUC
techniques as described in the Introduction. This analysis focuses
attention on estijalng Ohe chance of iticurritig a catastrophic event
and the probable results therefrom to pLrsoanel and/or equipment and
pro• Ides design and op-rating criterii for thla production operation.
A catastrophe is defined as a fire or explosion event in uhich personnel
are severely injured or killed or system loss is experienced.



The overall probability of a catastrophic event (explosion) occur-
ring in the facility during 90 days of operation has been determined to
be 1.1 x 10-6. This evaluation is first based upon the inability of
the normal process material to support a transition-to-explosion when
subjected to a flame stimuli, as demonstrated by transiti.on test data
generated during this programa. Abnormal conditions, where confined
process materials may becomv intimately mixed with organic material
(such as oil), are viewed as being much moreŽ able to support an
explosive transition, but these conditions have low probabilities of
ever occurring. Another situation identified in the analysi3 by which
an explosion potential would be set up in the facility is if confined
process material, such as that present in 01w, of the un'vented tanks,
were to decompose (give off gases) or vaporize rapidly as a result of
abnormally high process temperatures. In light of the highly abnor.mal1
conditions which must be present before even ain explosion potential is
available, a relatively 'Low overall explosion probability has beeni
determined to. exijr. The most likely ~ource of an- explosion is from
abnormal heat exchaiiger operation, resultinir in process liquid vapori-
zation, and subsequent buildup of explosive prus.:sures.

Fromn the anailvsis it was deternined that there is o 1.1 x 10~
probability that an incident (fire) would occur in the facility
during; 90 days oi operi -ti.i Thii relatively\ low inzident pobalility
results from: (1) the#- relative ivsensitivity oi the procoss materials

to he tanard forms of initiation, -ind (2) Lte~ in bjilty of the pres
materials to support a fire e~veni when expot~e. tý it highly etotrgtic
initiationi souree. Almosýt all of this incident probability is as!dcatL-4

vithnoril rubbing at the nmochana -11,4 of thle process pumP-S dwri'it
ilhut down during ulhich initiation (ecmotsltioo) wil ie r=allv oeccur.

Durin~g proviois manterial tu,4t iin ot AN and ANINA, no
impact or frictioni iviitiatikni could hte det~cmted evain whon the hi1ghest
emversy 1ovels dvý-Aldblc fro% the tostivig appnratus were twpitwed. In
those cases Where in-proeosa kimpact or friectional energie-s were founid
to be highelr than th,ý maioutm eniergy level available ýro the tesitbi
apparatus-, Onfety t~g-ins and initiaton Probabilities could nopt Ise
calculated. In these cases, it has been ctstervatively assumed that
no safety m~ark ins woiuld exist and that the initintion probabi~tles
.auld 4L 1. Mest o-** these cists lnol t!"i I~ra nd
opteation of process pum~ps, w-herg relatively high to-process o-ourgies
are availablo.

In those cases %iiere initiatioti pr.obabiltiees of I were detelri1ned
to exist, incident (fire) probabilities uere concluded to be relati,ýCly
-swill. "Initiation" is de'fined in this aniAlysis to be localized dece.ý4-
position. In order for an incident to occur, the initiation mmost be
sustained into a fire. Laboratovy tests. onT the poroces3s materials
indicate that teven Whens highly energetic igniLllon Sources are eisployed,
th-c materials will not support a fire. Those results are supported by
btiruiug tests couducted by the Bureau of Hines.
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The general design of the impedance heated transfer line was found
to have adequate safeguards to prevent excessively high or low product
temperatures from being present in the line for any extended period of
time. With abnormally high temperatures existing, the major concern
would be possible corrosive failure of the piping. Thermal initiation
of the process material resulting from high process temperatures could
result in a fire or explosion only if the materials were contaminated
with organic material, such as oil. The probability of a fire origina-
ting at the electrically heated transfer line during normal, abnormal,
and cleanup operations has been determined to be an insignificant con-
tributor to the overall 1.1 x 10-5 incident (fire) probability associated
with the entire facility.

Several single-point component failures were identified with the
operation of the new Storage Tank and Heat Exchanger which could result
in abnormal product temperatures existing at the Heat Exchanger. Such
failures, if not promptly corrected, would lead to (1) vaporization of
process liquid resulting in explosive pressure buildup, or (2) excessive
system corrosion or blockage via freezing. The basic problem lies in
the fact that the Heat Exchanger control system (temperature transmitter
and controller monitoring the Storage Tank temperatures) is essentially
isolated from the actual heating operation at the Heat Exchanger. It
is recommended that product temperature at the Heat Exchanger be con-
tinuously monitored. This would involve installing a temperature
transmitter at the Heat Exchanger which would be tied into a tempera-
ture indicator on the master control panel.

The Reliability Analysis showed that there is an average prob-
ability of .18 of having at least one random system failure occurring
during a 90 day operating period which would result in no product being
available from both Tank Farms (C-3 and C-7). This probability encom-
passes over a hundred single point failures, including primary and
secondary compcnent failures and human error in equipment adjustment,
maintenance, or selection. Many of the electronic sensors, controllers,
etc., utilized in the facility are critical to the operation of the
facility in the sense that a single failure would lead to a shut down
of both Tank Farms.

The three inch Transfer Line (impedance heated) contributes almost
50% to the overall .18 failure probability. This results mainly from
the relatively large number of components present in the ten heating
units employed at the line. In the analysis it is conservatively
assumed that should an abnormally high or low product temperature be
indicared to exist in the Transfer Line the line would be shut down.

4.



The Reliability Analysis has been ,ased upon gmneric component
failure rate data, such as that presented in FARADA.( 4 ) The highly
corrosive operating environment present in the facility will play an
important role in ultimately determining the actual reliability of
the system. For this reason, the value of the teliability analysis
lies in its ability to iCentify those areav of the facility which
are most critical to the reliable operation of the system. Miiiimiz-
ing the effects which component failures will have on the facility
operation can best be effected by maintaining detailed records on
component failures and maintenance for future repair.

C. Recommendations

From the analysis of the present design of the AN/NA Transfer
System, the following *ecotmendations are made:

(1) The temperature of the material at the Heat Exchanger should
be monitored. This can be accomplished by installing a temperature
transmitter at the Heat Exchange- which would input into an indicator
in Bldg. 330. This setup would significantly reduce the probability
of excessive corrosion or prodnct freezing occurring in the Heat
Exchanger. In addition, the overall explosion probability for the
facility .u, be rcduced by ,everal orders of magnitude.

(2) An emergency pressure relief valve should be installed at
the new storage tank. This would reduce the probability of explosive
pressures building up as a result of process liquid vaporization (high
product temperature which goes uncorrected).

(3) The bayonet steam heater for the Storage Tank which serves as
a backup to the Heat Exchanger may be either manually or automatically
operated. The important point is that the temperature transmitter and
indicator/recorder (which indicate when additional heating is required)
should be separate from the Heat Exchanger controls (TT-3 and TIC-3).
In this manner, two single point failures which could cause product
freezing in the Storage Tank would be eliminated.

(4) Consideration should be given to the possibility of employing
a temperature control system for the long steam traced lines. It has
been assumed in the system analysis that the normal operation of steam
traces would result in acceptable product temperatures. This area
should be invosti.gated during the remaining portion of the design
program from the standpoint of maximizing reliability.

(5) When operating, cleanup, and maintenance procedures are written,
particular emphasis should be placed upon avoiding the accidental intro-
duction of organic materials, such as oil, grease, etc. into the process
flow. The small scale introduction of such contaminants could signifi-
cantly increase the likelihood of an initiation being sustained into a
localized fire, whereas massive contamination of process materials would
set up a serious explosion potential (Sprengel explosive).

5.



(6) During the cleanup of the impedance-heated transfer line,
power to the heating units should be cut off. A protective covering
should be placed over exposed electrical wires and other equipment to
reduce the likelihood of corrosive damage (shorts, etc.) occurring
as a result of sloppy cleanup procedures.

(7) Should a high product temperature be indicated in the impedance-
heated transfer line, it is recommended that the power to the particular
heating unit be immediately cut off while maintaining constant product
flow. Immediately stopping the product flow (via pump shutdown) would
increase the likelihood of an initiation occurring in localized hot
spots.

(8) It is understood at this time that Holston is considering the
use of concrete boxways and steel pipe supports in replacement of currently
existing wooden supports. Installing the transfer lines in a concrete box-
way (steel supports) would reduce the likelihood of a fire occurring as a
result of a leak. Contact between the process materials and organic
materials (wooden pipe supports or organic pipe insulation) could result
in spontaneous combustion.

(9) Based o- explosive propagation (critical diameter) test results,
it is recommended that the 4" diameter pipe proposed to connect the new
storage tank and new pump house not be employed. If a single 3" pipe

is not feasible, from a production standpoint, two parallel pipes
(diameter • 3") are recommended in place of the single 4" pipe. In
this manner, the likelihood of an explosion propagating between the
new pump house and storage tank is significantly reduced.

6.



I. PRELIMINARY HAZARDS ANALYSIS

A. Process Survey

The process survey phase of the program consisted of an in-depth
review of available design drawings, manufacturers' literature, etc.,
in order to become intimately familiar with the proposed system, so
that system failure could be defined in terms of fire/explosions and
reliability. Failure rates of system components such as pumps, valves,
sensors, controllers, etc., were determined using sources such as manu-
facturers' specifications, and established data banks of FARADA( 4 ) and
ROME. (5) The data sources were adequate to define the system reli-
ability and thus alleviate the need for any additional component failure
rate testing. Indi-.dual component failure rates are discussed in more
dptall unler -action IV, Risk Analysis, of this repoit.

B. Logic Model

The background obta:ned in the process survey and the assistance of
HDC engineering personnel provided the data baseline for the construction
of the system logic model.

This technique is a recogniz&d means( 6 ) of augmenting the pre-
liminary hazards analysis by serving as a useful tool in an in-depth
evaluation of the system by defining all credible failure modes of the
system, whether rhey be from huma-, elecl:rical, or mechanical causes or
from normal or abnormal system stateb. The logic model also provides
the basic method for analyzing the int~rrelationships among the various
components of the system. The logic model can also function as a useful
troubleshoot 4 ng guide for HDC in the event of systerr failure, particu-
larly in the control systems, by ideitifying thu systems failure area
on the model and determining Wtiat the immediate cause(s) or underlying
cause(s) are that contribute to the systems failure, thus helping to
pinpoint the specific component(s) failure.

The logic model begins with the top undesired event "no product
from both Tank Farms" and proceeds through logical steps (gates) back-
wards through the system to the existing pumphouse at the beginning
of the process. By constructing the model in this manner, .ach com-
ponent of the system can be eveluated separately in tvrms of either
its own failure or the immediate causes that would contribute to the
failure of the component. This technique results in an in-depth
systems failure logic that is extremely comprehensive and provides
for an accurate account of all czedible failures and failure causes
of all system components.

I-1
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The basic symbols used in the construction of the logic model
consist of logic gates such as "and," "orl" and "inhibit" gates and
event representations such as circles, rectangles, diamonds, and
houses. These basic symbols are described in Table I-A and the logic
diagram itself is shown in its entirety in Appendix A. To present
the model in convenient form for inclusion in this report, the author
relied heavily on the use of the transfer symbol. This device facili-
tates the transfer of information from one section of the model to
another.

The model depicts two major failure areas that are of primary
importance to the overall analysis of the system: (1) loss of pro-
duction or systems damage resulting from material initiation, fire
or explosions, and (2) loss of operation due to human or component
failures.

C. Qualitative Analysis

In the qualitative sense, the logic diagram consists mostly of
""or gates and "inhibit" or "sensitivity" gates. Any single failures
linked to the top event through "or" gates will cause the top event to
occur. For example, failure of TIC-3 (page Q3 of logic model) will
result in failure of the system and cause the top undesired event to
occur. Over one hundred single factor failure modes were identified
from the logic model. The failures identified from the logic model
consist of mechanical or electrical components and human factors
such as failing to perform functions correctly or doing something
at the wrong time. There are also many failures that are common to
both the fire/explosion and reliability failure modes such as a pump
impeller failure. This aspect of the analysis is discussed in more
detail in Section IV of this report.

The failure logic developed for loss of production or eysZ-m.i dzmage
resulting from material initiation, fire or explosion, consists of system
states that are directly related to component failures, human error, and
normal plant operation. Initiation potentials of impact, friction,
thermal, and impingement are identified for these system states and have
been developed to their fundamental causes. As an example, a listing
of the identified potential initiation modes associated with the
operation of a process pump is shown in Table I-B. All of the poten-
tial initiation modes for each piece of equipment require an engineer-
ing analysis to determine ultimate safety margins and initiation prob-
abilities.

1-2



TABLE I-A

LOGIC SYMBOLOGY AND DEFINITIONS

LOGIC OPERATIONS

OUTPUT

OUTPUT "Or" gates define the situation whereby the

output event will list if one or more of the

input events exIaL

INPUT

OUTPUT

"And" gates describe the logical operation
whereby all input events have to occur smaui.
taneously to produce t1e output event.

INPUT

OUTPUT S_ •"inhibit" or "Sensitivity" gates describe a cause)

INHIBIT relationship between one event and another.
CONDITION- The input event directly produces the output

"event If the Indicated ecodltlon is utli•ie.

INPUT

EVENT REPRESENTATIONS

lBoxes represent events which are usully
expressed as a failure that resuIts from the
combination of fault evants through the Input
logic gale.

Diamonds represent fault events that are considered
basic and define the limit of resolution. The Iweible
causes of the event are not developed either because
the event Is of Insufficient consequence or ewacsue
the neces"sAy Informatiom is Wat avalaIie.

Circles represent baic fault tevents N PrIme
failures thai require no further devele•nmLt.( 7 ) Frequency and mode of fallur e1 Items so
ilentif led am derivedl fetoIs etl W eusistieg

data beaks*1.

l: ouses mreprsnt evees that ar ernlty emutedti

to occur ouch as si f eIWne Outgio opaets

Trial ire use as treonefW gmhs4 te tr""
MillP OUT--TAtfIg lsfermatlo fem a& nso"so as i is

S*ILUIVTRAMMAE

1-3



TABLE I-B

POTENTIAL INITIATION MODES OF A PROCESS PUMP

Initiation Mode Description of Event

1. Friction Mechanical seal rubbing during startup/shutdown

2. Thermal Frictional heating in seal area

3. Friction Impeller rubs pump housing

4. Impact Impeller impacts pump housing

5. Friction Impeller rubs foreign object

6. Impact Impeller impacts foreign object

7. Friction Impeller rubs layered process solids

8. Thermal Shear heating of confined Material

9. Impingement Low material level in pump

10. Friction Removal of contaminated flange bolts

11. ESD Charge buildup on ungrounded operator

12. ImpaJct Operator drops nut, bolt, tool into contaminated area

1-4



The use of the "inhibit" or "sensitivity" gate provides a means
of logically illustrating the in-process conditions that have to be
satisfied in order for the failure logic to pass through the inhibit
gate. For example, on page Ll of the logic model for the development
of the fire/explosion logic for a process pump, the impact energy
available due to the pump impeller hitting the pump housing must be
compared to the sensitivity of the material to determine the prob-
ability of an initiation occurring.

The excerpt from the logic diagram in Figure I-a illustrates the
use of the "inhibit" gate. This gate facilitates the computation of
the probability of the occurrence of A which is the product of B and
C probabilities. The probability of B naturally depends upon the
failure logic below it and is eventually keyed in to the probability
of the component failures that contribute to B occurring, while the
probability of C depends upon the results of the material response
test and the in-process impact energy. More explanation of the
"inhibit" gate and how the various inputs are developed is given in
this report.

The analysis and construction of the logic model for the reli-
ability analysis are analogous to that of the fire/explosion already
discussed except there are no sensitivity gates for this analysis.
This analysis yielded over 100 modes whose existence would lead to a
no-product condition. These failure modes were distributed between
mechanical, electrical, and human errors. How each of these com-
ponents is evaluated and their impact on the system reliability will
be discussed in Section IV.

1-5



SUFFICIENT IMPACT STIMULUS
PRESENT TO CAUSE FIRE FROM
OPERATION OF PROCESS PUMP

SUFFICIENT IMPACT STIMULUS
FROM IMPELLER (REPELLER) A

IMPACTING PUMPHOUSE J

SUFFICIENT
IMPACT C
ENERGY

IMPELLER (REPELLER) IMPACTS B
PUMP HOUSING

OPERATING IPLE
(REPELLER) IMPACTS

PUMP HOUSING

Figure I-a. Excerpt iro. Logic Model
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II. MATERIAL RESPONSE

This section of the report presents the fire and explosion charac-
teristics of the ammonium nitrate/nitric acid (AN/NA) material which will be
present in the transfer facility. The sensitivity data, expressed in
engineering terms, summarized in this section will be employed in the
Engineering Analysis and Hazards Evaluation (Section III) to determine the
safety margin associated with each potentially hazardous operation and in
the Risk Analysis (Section IV) to determine overall hazard probabilities.
Also included in this section is a discussion of the explosive charac-
teristics of AN/NA in terms of its ability to transit to an explosion when
exposed to a flame stimuli, as well as its ability to propagage an explosive
reaction.

A. Ammonium Nitrate/Nitric Acid Sensitivity

Most of the sensitivity data on ammonium nitrate/nitric acid (AN/NA)
employed tn ri analysis was either generated during recently completed
programs 7/)U for Holston or were available from the Hercules data files.
A summary of all of the sensitivity data employed in the analysis is pre-
sented in Table II-A.

Both the AN powder and AN/XA solution were found to be relatively
insensitive to the standard forms of initiation, except in the case of
electrostatic discharge. In fact, no iz. act or friction initiation cotild
be detected even when the highest energy levels available on the testing
apparatus were employed. An imonium nitrate/oil mixture (95/5) was
evaluated in the belief that: (1) oxidizer/organic mixture would be a more
sensitive mixture than the ammonium nitrate by itself, and (2) such a
mixture could be present in the facility during maintenance/cleanup of
pumps, etc. However, the sensitivity levels of even this mixture were by-
yond the capabilities of the test apparatus, except for ESD Ubere the TIL
dropped from 5 joules to 0.5 joules due to the presence of the oil. This
difference is not viewed as being highly significant. Testing of the solid
AN/NA mixture (unheated) was not deemed necessary due to the. relative
insensitivity exhibited by pure AN and the AKNoil sixture.

The impact sensitivity data on the AN/NA solution is expressed in
Table I1-A in terms of an energy rate (ft-lb/see). From Hercules' extensive
research in explosive testing, it has been found that energy rate is the
engineering term which best describes the stimulus/reaction characteristic
for impact initiation of liquids and slurries. For the Impact initation
of solids, in this case Al, the best engineering teta has ben found to be
energy per area (ft-lb/in').
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Because safety margins (and initiation probabilities) are directly
based upon material response data, it is necessary for exact sensitivity
data to be available if quantitative safety margins are to be calculated.
Since the impact and friction sensitivity data on the antwonium nitrate
and AN/NA solution are expressed as "greater than" values, it will be
impossible in the hazard analysis to define exact safety margins and
quantitative probabilities. This subject will be discussed in greater
detail in Section II-E below.

From the standpoint of electrostatic (ESD) initiation, the AN/NA
solution was found to be slightly more sensitive than the AN/oil mixture
and significantly more sensitive than AN powder. The AN/NA solution was
tested at 400C, the approximate process temperature, whereas testing on
the AN and the AN/oil mixture was performed at ambient, simulating clean-
u- conditions.

At the highest level of the impingement testing apparatus, no initiation
was detected. This corresponds to a threshold initiation level of > 750
ft/soc.

lhe tbowrmal itability of the process materials inust be fully charac-
terized itn order to aecurateiy assess potential cook-off hazards which
may exist in the facility (e.g., pump seal, heaoted transfer line, etc.)
The decomposition ttmperatoure for pure AN is rvpored in tho literatule(9)
to be W, tween, 230 and 26OVC.

!rga(7). a S rc.wartO t N0 ix

In a r-cently , program~a !Sc trce •as run on In AN/o| I t-
tore- (5S todtrino -iat Cte~ any. e 1w pro wocc of a %"Ia int.

of organic tnateriaI vould hav- on the therwl stabilicy of a" wonitm n i r~te.
Ill thiss tostf dvc,•sition occirred Ju•,st alightly above 2600C, •t•ich
Indieated that tht orgatiw crial hkd no signifie':cat fect u N • bilMty.
The saw results wre observed whue nitric acid vag aded to tho Ax/oil.
l htv-e results are applicable to the Traiwifer system since, during mainitenance/
cleanup, organic cwterial such as oil cotuld be introduced into the process
acciden~tally.

From the th••e•rl data it can be concludcd thEit significant Jecoopositian
of AN may be expected to occur in tite process shou•d- te=Perature. i0 exceso
of 250 0C exist. Decocposttioa., defiud as the ger.eration of •te, aseusd
. ot result in a fire, since are AN will not born. The burning ch.2racteristics
of AN are dtzsussed in the next. .sction. Although &N or &U/NA will not bWrn

when Initiated, it is report-d that AN/otl mixtures V`Sprengel explosive")
are capable of burnitn and sustaining a transitica to eaplosion.
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The gases formed during the decomposition of the AN may include highly
reactive oxidizers, such as N2 04 . At the relatively high temperatures
required for significant AN decomposition to occur, such gases should react
violently with any fuels with which they may come in contact. This again
points out the importance of keeping oil, grease, and other fuel contaminants
out of the process flow.

B. Sustained Burning Results

An infrared analyzer ("LIRA") was employed in the sensitivity testing
to detect when an initiation (decomposition) occurs. If the hazards
analysis were based on this data alone, a highly conservative analysis would
result since it would be incorrectly assumed that all initiations (decomposition)
result in an incident (fire). To determine the likelihood of an initiation
being sustained into a fire, sustained burning tests were performed on the
AN and AN/NA materials as part of the recently completed D-Buildiug analysis.(8)

It was found that neither the AN nor ANINA materials sustained a fire
when ignited by a highly energetic thermita igniter. By comparing the
energy required for initiation (threshold initiation level) determined from
the sensitivity testing, to the energy released from the igniter during the
burning tests, on energy ratio can be calculated. This ratio is used in
this inalysis as a rough estimate as to the probability of an initiation
sustainpd into a fire. For AN pover and AN/NA mixture, this probability is
"calettlated to be quite low, about 10o 6 .

A discussion et the test vtquipwint and procvdu~es employed i• thOse tests
is included In thk .perimental Section (Appeodix B).

lltoae test results are supported by throretlctil adiabatic fl towperature
calculations on AN (Appendix 0) mid Bureau of Hines burniug tests ) perforwd
on pure AN. As noted earlier, AN moutamin•in• , with oU is reported to be
capable of sustaining a fire.

C. Tranisit ion -to-Vrtplosiot*

kOne extrowely -important aspect of materiel response testing is to deteni~tw
boiw the ANN/A materials Wehave under flMum conditioas at various material con-
finements. The transition tests wore conducted to determine the material
height add confinement conditions requited for the liquid and solid (frozen)
AN/NA materials to promote growth from an ignitien stimulus to a transiting
explosi•v rewction. A typical test setup is shoua in ?l'gure Il-a. The
results of the transition testing are sumarized in Table I-B.

The results 1ndicate that should a fire develop in the transfer system,
the process materials would not readily support a transition to explosion.
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No transition was observed in sny of the 1: sts t-inm- a 4" diameter
Schedule 40 pige at a material he!,ht of 24" in .he pipe. Tests were
run at both 70 F (solid) and l0-6., (liquid) to represent cleanup and
operating conditions respectively.

These results are in agreement with previously completed transition
test performed at this laboratory on several grades of solid AN. In
these tests, no transition was observed in 2" and 4" diameter pipes
containing up to 48" of solid AN.

TABLE II-B

TRANSITION TEST RESULTS

Test Confined Confined
Temper "'ure Diameter Height Results

AN/NA liquid -0 F 4" 24" Nc reaction
i oop 4" 24" No reaction
1000 F 4" 24" No reaction

AN/NA solid 70°F 4" 24" No reaction
70OF 4" 24" No reaction
70OF 4" 24" No reaction

D. E--plosive Propagation

Propagation tests were performed on the AN/NA mixture to establish
the critical diameter below which the material would not propagate an
explosive reaction when exposed to r det-.natiou shock. The results of
these tests are used in deternining overall system risk, in terms of an
explosion in one area of the facility propagating into other areas.

The test results, summarized in Table II.-C, indicate that the critical
diameter of the confined AN/NA material is between 3" and 4". That is, an
explosion occurring in a 3" diameter pipe in tho transfer system will not
propagate along the pipe wherpae 1 4" diameter pipe containing AN/NA will
support an explosive propagation.

There is only one area in the facility, as currently designed, which
will contain piping >3" diameter. This is the process piping connecting
"the new storage tank with the new pump house. By employing a 3" diameter
pipe (or possibly two smaller pipes) in place of the 4" pipe, the pro-
bability of at. explosion propagating through this pipe would be greatly
reduced.

11-6
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TABLE II-C

EXPLOSIVE PROPAGATION (CRITICAL DIAMETER) TEST RESULTS

Test Critical
Temperature Diameter

Material (OF) _(inch) Results

AN/NA 100 2 No propagation

"100 3 No propagation

"100 3 No propagation

"100 3 No propagation

"100 4 Propagation, small pipe pieces

E. Initiation Probabilities

Material response data must be treated statistically (i.e., "what is
the probability of an initiation at certain input energy levels?") so
that material response in probabilistic terms can be applied tU the logic
model at the "inhibit" gates to facilitate a quantitative analysis of the
system logic model. Normally, sensitivity data are plotted on probability
paper showing the probability of initiation (percentage of shots) as a
function of the amount of stimuli input to the test material; the higher
the energy input, the higher the percentage of shots.

This statistical technique has only a limited application to the
ammonium nitrate or AN/nitric acid test data since initiations were not
detected, even at the highest energy test level, when these materials were
exposed to impact and friction stimuli. Only in the case of ESD stimuli
were initiations at different test levels detected. Thus, in cases
involving impact o., friction process conditions, exact initiation pro-
babilities (as well as safety margins) could not be accurately established.

In cases where in-process impact or frictional energies are higher than
the maximum energy level available from the test apparatus, it is assumed
in the analysis that an initiation probability of 1.0 would exist (with no
safety margin existing). In cases where in-process energies are lower
than the maximum test level, initiation probabilities are estimated,
assuming: (a) the threshold initiation level (TIL) of the material
corresponds to the maximum test level, and (b) the relationship between
percentage of shots and energy levels (i.e., the "probit slope") is
similar to that of other explosives, such as RDX. A line, with this probit
slope, is drawn through the data point corresponding to the assumed TIL of
the material. The assumptions employed in the estimation of initiation
probabilities are viewed as being conservative in nature in the sense that
ac•tual initiation probabilities are likely to be less than those presented
in this report.
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III. ENGINEERING ANALYSIS AND HAZARDS EVALUATION

A. Introduction

The obiective of this evaluation is to determine quantitative safety
margins associated with each potentially hazardous operation (normal and
abnormal) of the facility. A safety margin, defined as

required (material response) energy - 1,
available (in-process) energy

is useful in pointing out those situations, among all of the potentially
hazardous events, which are likely to be more hazardous than others if
they were to occur. However, in order to assess each potential hazard
in terms of risk (expected loss), each event must be evaluated on a
probabilistic basis. Such a probabilistic study has been performed and
these results are presented in Section IV, Risk Analysis.

B. Stummary and Conclusions

The hazards analysis identified several operations (normal and abnormal)
where no or only marginal safety margins exist. These situations involve,
for the most part, operation of the process pumps where extreme in-process
energies are capable of being generated. Under these coitditions, the
material response data are such that, due to the relative insensitivity
of the process materials, it can not clearly be demonstrated that a safety
margin exists. The likelihood of an initiation of AN or AN/NA being
sustained into a fire, as discussed in Sectio.a II, is quite small. Should
a fire occu.: in the system, it is concluded from the transition-to-
explosion test data that the incident would not normally develop into an
explosion.

A detailed discussion of the Engineering Analysis and Hazards Evaluation
performed on the system is presented below. The incident probabilities
associated with the potentially hazardous events identified in this analysis
were determined as part of the Risk Analysis portion of this program.

C. Analysis of Subsystems

The amnnonium nitrate/nitric acid storage and transfer system basically
consists of two separate Tank Farms (three tanks each) which are both fed
by a 3" diameter, impedance-heated transfer line. Several pumps (in
parallel) which feed the transfer line, are supplied with product from a
20-foot dia,.i.er storage tank. Material is pumped into uhe storage tank
via the existiig pumphouse, containing two parallel pumps. To maintain
the product temperature above its freezing point, the transfer line is

I -AN
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impedance heated and the other connecting piping is steam traced. The
storge tank is equipped with a heat exchanger (as well as an auxiliary
bayonet steam heater), each of the six tanks at the tank farms has its
own steam bayonet heater, and the existing and new pumphouses are steam
heated. All tanks and lines are insulated with CaSiO2 .

1. Process Pumps

At the present design stage of the facility, the selection of a
particular pump model to be employed in the new pumphouse has not been
made. Analysis of the two candidate pumps, Durco Sealmatic and Wilfley,
indicate that similar in-process energies would exist for the operation
of the two pumps. Thus, safety margins are concluded to be similar.
However, it is impossible to calculate quantitative safety margins for
many of the potentially hazardous abnormal situations which may occur
during the pumping of the AN/NA material 3ince exact frictional and impact
energy levels at which this material (or solid AN) will initiate could
not be determined. From previous material testing, as noted earlier,
solid AN and the AN/NA material have been found to be relatively insensitive
to impact and friction stimuli. The energy levels at which the materials
initiate are beyond the energy test level of the laboratory test equipment.

The in-process potentials associated with the centrifugal pumping
operations are relatively high and, for the most part, beyond the capability
of the laboratory test equipment. A valid analytical technique, applicable
to the frictional hazards evaluation of most pumps, is to extrapolate the
material response data obtained at several lower velocities to cover a
higher range (corresponding to impeller or shaft speeds). This technique
is not possible in this particular evaluation since the required pressure
levels at the lower velocities are beyond the capability of the test
equipment. A similar situation exists, in this particular case, for impact
stiuations such as impeller/pump housing or foreign object.

Thus, quantitative safety margins can not be calculated for many
of the potential hazards involved in the pumping operation. In such cases,
it has been conservatively assumed in this analysis that no safety margins
would exist. These situations include:

(1) Friction or impact between impeller (repeller) and housing

(2) Friction or impact between impeller (repeller) and foreign
object

(3) Friction between impeller and deposited AN

(4) Rubbing between mechanical seal surfaces
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In the above situations, where no safety margins are concluded to exist,
the probability of a fire occurring in the pump will depend upon the
probability of the initiating event occurring (normal or abnormal) and
the probability of the initiation being sustained into a fire. Of the
situations listed above, only the one involving rubbing at the mechanical
seal will be a normal condition.

For the Durco and Wilfley pumps, rubbing at the mechanical seal
interface will only occur during pump startup and shutdown, assuming the
pumps are operating as designed. During shutdown, contact at the Durco
pump seal begins when the power to the pump is cut off (via solenoid
interlock) whereas for the Wilfley pump, seal contact does not occur until
the rotating speed of the impeller has slowed (via mechanical governor
and spring). In the analysis of both pumps, it has been assumed that
velocities at the seal interfaces during contact correspond to the maximum
operating velocity of each pump.

Since the mechanical pump seals will not be flushed, solid AN
should gradually build up in the seal area. Rubbing in the seal area re-
presents both a frictional and thermal initiation hazard. The frictional
in-process potential is 22,000 psi at 14 ft/sec for the Durco pump, this
pressu~ corresponding to the compression yield strength of the carbon
insert '). For the Wilfley pump, an in-process potential of 3,000 psi
(teflon yield strength) at 14 ft/sec would exist. The available material
response data on AN indicate that the initiation level is >120,000 psi
at 8 ft/sec. I'm these data, a safety margin can not be calc~ulated.
Previous work( at this laboratory on mechanical pump seals has indicated
that high temperature (> 2000 C) can rapidly develop in on-flushed seals,
which will be the case here. Ammonium nitrate begins to decompose around
230°C, based on DSC data generated at this laboratory and reported in the

literature (Section II). Thus it is concluded that decomposition of AN
will normally occur in the mechanical seals of the process pumps present
in the facility.

The probability of a fire occurring in the seal area, as a result of
friction initiation or thermal decomposition of the AN, is regarded as
being quite low based on burning tests perforted on AN and AN/NA. 11owiver,
should an organic contaminant, such as oil, be presont in the pump seal
area, the chance of a fire occurring as a result of AN initiation is
much greater.

Based on the transition-to-explosion test data on solid AN and the

AN/NA material, should an initiation occur in a process pump and be sus-
tained into a fire, the fire would not transit to an explosion. As noted

in Section I1, the process materials were found not to exhibit a tronsition
capability, under the test conditions examined.
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2. Plug and Ball Valves

Durco "sleeveline" plug valves will be employed in the pumphouse and
storage tank areas. They may also be present at the two Tank Farms, although
Jamesbury ball valves are also possible candidates for use in this area.

Comparison of the in-process energies, which may occur during the
normal and abnormal operation of the plug and ball valves to the material
response data on the process zaterials indicate positive safety margins to

exist. This is attributed to the relative insensitivity of these materials
to friction stimuli and to the small in-process potentials which will exist
during the operation of these valves.

Comparing the two valves, Durco plug versus Jamesburg tall, it is

concluded that similar in-process potentials will be associated with the
normal and abnormal operations of each valve. This is due to their closQ
similarity in design, materials of construction, and operation.

3. Globe and Pressure Relief Valves

One globe valve (split body) will be employed at each of the six
tanks comprising the C-3 and C-7 Tank Farms as an automatic (air actuated)
level control valve. In addition, each tank will have its own pressure
relief valve.

Selections of particular valve models have not been trdc at this
particular stage of the facility design. Thus, the analysis was perforwed
on the operation of globe valves and roli4f valves, in genatal.

A comparison of in-process potentials to material rasp-'nae data
indicate that positive safety margins will exist during the norml and afmoral
operation of the globe and relief valves. his can agdin bW attributed to
the relative insensitivity of the proctss materials to frictLon and impact
stimuli and to the small in-process energies associated with the "ration
of the valves.

As discussed earlier. should a fire occur in one of these valves,
a transition-to-explosion would not be likely, based on -th transitiom
tests perforwnd on the process materials.

4. Heated Transfer Litfes (Electrically and Steam Heated)

The only initiation mode comon to both the impedance-heated and
steam traced transfer lines is thermal initiation of amonium nitrate re-
sulting from an abnormally hbigh heat input which goes uncorrected. A
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failure in either type of heating line has the potential tu cause significant

AN decomposition, although a serious fire (or e.cplosion) hazard would only

exist if the process materials were contaminated with organic materials,
such as oil. The system failures leading to the presence of critically

high product temperatures and their associated proabilities are evaluated

in Section IV.

Another potential hazard, unique to the operation of the impedance-

heated transfer line, is possible ESD initiation caused by an electrical

short. Sufficient ESD stimuli from a shorted heating wire would be available

for initiation. However, assuming a short does occur, process materials would

not normally be exposed to the ESD stimuli. Pipe rupture or poor cleanup

operations are two modes by which such exposure could occur. The probability

of a fire or explosion occurring under such abnormal conditions is discussed
in Section IV.

An additional potential hazard associated with the impedance-heated
transfer line is the possibility of an electrolytic reaction occurring
inside the pipe as a result of current flowing through the AN/NA solution

inself. Calculations, based on reported( 1 9 ) resistivity values for the

process piping and AN/NA, indicate that a relatively small current (-XU0"

amps) will pass through the AN/NA solution during normal operations. The
nature and amount of gas(es) liberated as a result of this electrolytic
reaction can only be determined through laboratory testing which simulates
actual process conditions. Similac tests would also have to be performed
to determine corrosion and product degradation effects. This testing was
deemed outside the scope of the present analysts. Because the current
flowing through the AN/KA will be relatively small, only minute (if any)
amounts of gas will be evolved. If the gases were flaumable and were,
for example, to. gather in a downstream storage tank, an explosion potential
would be setup. (An ignition source would be necessary before an explosion
would occur). Once the nature of the gas evolution has been determined,

flamability tests on the gas mixture could be performed to determine if the

gases represent a fire or explosion hazard.

As stated earlier, the quantity of gas fored is expected to be
relatively small. For example, assuming hydorgen were evolved as a result

of the current flow, approximately 70 i? of gas would be formed during

a 24-hour period.

5. Cleanup Operations

Only general cleanup procedures, such as the disassctbly of valve
flanges, uere evaluated in this program since specific or detailed procedures
were not available for review.
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Under normal cleanup conditions, positive safety margins were
found to exist. However, under abnormal conditions several situations
were found where either no safety margin would exist or where it was
impossible to calculate a safety margin, due to the nature of the
material response data, as discussed earlier. Included in this latter
category are such abnormal situations as: (1) dropping a tool (wrench)
onto a contaminated area, or (2) stripping a contaminated flange bolt.
Included under the former category is the possibility of charge buildup
on an ungrounded person resulting in the ESD initiation of the AN/NA
material. Under this abnormal condition, a maximum in-process potential
energy of .09 joules could be available, compared to a threshold initiation
level of .075 joules for the AN/NA material. The overall probability
of an incident occurring under the above abnormal cleanup conditions will
be discussed in Section IV.

111-6



IV. RISK ANALYSIS

A. INTRODUCTION

This analysis is concerned with quantifying the risks associated
with the operation of the ammonium nitrate/nitric acid storage and
transfer facility, as currently designed. In this analysis, expected
risk has been divided into two general areas: (1) loss of operation
due to system failure (reliability), and (2) equipment damage and/or
personnel injury (fire/explosion). To determine overall probabilities,
a system logic model was constructed and simulated, resulting in the
identification of single failures or failure combinations which would
result in an undesired event, in terms of reliability or fire/explo-
sion. Once identified, each critical failure mode was evaluated to
determine the probability that that particular mode would occur during
some operating time period. Each of these probabilities were then
summed to determine the overall probability of failure.

The results of the risk analysis are summarized below, followed
by a detailed discussion of the analytical techniques employed in
the analysis.

B. SUHMARY AND CONCLUSIONS

The analysis indicates that there is a 1.1 x 106 probability
of a catastrophic event (explosion) occurring in the facility during
90 days of operation. This relatively low probability is attrihuted
to the inability of the process materials to support a transition-to-
explosion reaction when exposed to a flame stimuli. Contamination of
the AN/•t solution with large amounts of organic material, such as,
oil, grease, etc. could set up a% explosive potential in the facility
due to the in situ formation of a Sprongel explosive. However, a
flame (sustained initiationx) source Would then have to be available
under these conditions before an explosioh could occur.

The mist probable location for an explosion in the facility
is at the Heat Exchange area. Rapid AN decooiposition (gas evolution)
or vaporization of nitric acid in this totally confined area, resulting
from abnormally high process teuperatures, could cause the buildup of
explosive pressures. By monitoring the product temperature at the
iHeat Exchanger, the overall probability of a catastrophic event
occurring in the facility Uould be reduced by several orders of sag-
nitude.

IV-,
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The probability of an incident (fire) occurring during 90
days of operation has been determined to be 1.1 x 10- 5 . This low
incident probability is basically due to: (1) the relative insen-
sitivity of the process material to standard fon.s of initiation, and
(2) the demonstrated inability of the process materials to sustain a
burning reaction when. exposed to a highly energetic ignition source
(sustained burning probability of 10").

Normal rubbing in the mechanical seals of process pumps during
shutdown or startup contributes over 90% to the 1.1 x 10-5 incident
probability. For both the DURCO and Wilfley pump models, contact in
the seal area will only occur normally during startup or shutdown.
During such contact, sufficient frictional and thermal stimuli will be
present to cause AN decomposition. However, due to the low sustained
burning probability, a relatively low overall incident probability
is calculated.

Other situations in the facility were found to be likely
sources of AN initiation. However, these conditions were all abnormal
(event probability < 1) and were found not to contribute significantly
to the overall 1.1 x 10-5 incident probability. Many of these were
associated with the abnormal operation of the process pumps (impeller/
housing friction, etc.) where relatively large in-process potentials
were available.

The impedance heated 3" transfer line was not found to be a
significant contributor to the overall incideot probability associated
with the proposed operatioa of the facility. The overall probability
of a fire ocurring in the line as a result of a thermal initiatiou of
the AN has been calculated to be 8.3 x 10- 10. A heating failure(s)
would have to occur cod go undetected before sufficiently high product
temperatures to cause decompositiont would be available. The resultant
AN initiation would have a very low probability of being sustained
into a fire, unless significant amounts of organic matorial were present
in the process strean.

The fire/explosion Risk Analysis is briefly sumawrized in
Table Iv*A. The significance of the avatysis. In terms of possible
design modifications, is discussed in Section V, Tradeoff Study.
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Table IV-A

Process Risk Summary - Fire/Explosion

Overall Probability

Incident(l) Catastrophe(2)

Tank Farms (C-3 and C-7) 8.3 x 10-8 1.2 x 10-8

Transfer Line (Electrically Heated) 8.3 x 10-10 8.3 x 10-16

New Pump House 6.0 x 10- 6  6.0 x 10-12

Storage Tank and Heat Exchanger 1.1 x 1U- 6  1.1 x 10-6

Existing Pump House 4.0 x 10-6 4.0 x 10-12

Total 1.1 x 10-5 1.1 x 10-6

(1) incident. Fire resulti, in -light equipment damage and/or
minor personnel injury.

(2) Catastrophe: Explosion resultirZ in major equipment damage
and/or severe personnel injury.

2. RWb~t

To briefly stowrize othe results of t" reliability evalua,
tion, it hais been determined that there is on average probability of
.18 of havi•g otte failure (Oeadi-g to tW product fretO both Tank PatiS)
occurring duriug 90 days of operatioll assuming w maintentae is per-
forwed during this time period.

The reli-ability portion of the logic midel was constructed
based on Lhd presently conceived design and operauton of, the facility.
Utiliztng available conponent fuilure rate data, as reported in pALUU (4)
and operator error data (from Hercules' operational files), the
probability of a critical system fnilure occntrriz;g Vas obtained through
simulation of the logic model. A critical failure in this atalysis ha"
been defined as one which, if it were to occur, would result in no
product available from both the C-3 and C-7 Tatk Fatma. Tabl* IV-8
presnts a brief stary of the aellability Analysis.
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The three-inch transfer line contributes almost 50% to the
overall .18 failure probability. A failure in any one of the ten
heating units in the three-inch line could ultimately result in the
shutdown of both Tank Farms since excessive or insufficient heating
could cause a secundary pipe failure (corrosion) or blocl.age (product
freezing), respectively.

The components in the facility which have the highest reported
failure rates are automatic control valves and pumps. Since parallel
or auxiliary pumps are present throughout the facility, two or more
failures would have to coexist before a critical condition would resuit.
This is also true of the level control valves in the two Tank Farms:
at least one valve in each Tank Farm must operare improperly before a
shutdown of both farms would result. However, a clingle (open) failure
of the temperature control valve (TCV) at either zhe !teet exchanger of
the auxiliary heater (20 ft storage tank) could necessitate a shutdown,
if no manual valve were present in the steam lines feeding these TCV's.

Many of the electronic sensors, controllers, etc. utilized in
the facility are critical to the operatioit of the facility in the sense
that a sigle failure could lead to a shutdown of both Tank Farms.
Eamples of this situation are the electrical .:omponents present iW the
heating units of the three-inuh transfer liWw, as moutioneu earlier.

Table IV-B

Process Risk Sumry - Reliability Evaluation

Average Probaboility of
tailurw Dur!q, 90 Days

SIONSY Ctemt ()pter-tion

Buth Tank Farm .019$

3"1 Transfer Line .03

New Purp Hou.e .021u

20' Storage Tank .0268

Sxistit% Puxp Hoioe .0255

"Overall Average .1.835
P~robability oi Failure

Operator errors will also have a signifikcat influence on the
overall roliability of the transfer system. Such errors include:
tailure to open or close valves as required, improper adjust-esa of
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pumps, failure to notice warning lights/alarms or to take subsequent
corrective action, failure to follow prescribed cleanup or maintenance
procedures, etc. The deleterious influences which operator errors will
have on the system reliability can be minimized through proper training
and supervision. With respect to increasing system reliability by
reducing mechanical or electrical component failures, several preventiveactions are available; e.g., component redundancy, design or procedural
modifications, availability of spares, etc. These options will be dis-

cussed in a later section of this report (Section V).

Presented in the following section is a detailed discussion ofthe fire/explosion and reliability evaluation performed in the Risk
Analysis.

C. EIRE/EXPLOSION EVALUATION

In this analysis, the probability of a fire or explosion occurring
during th normal and abnormal operation of the ANi/NA storage and
transfer facility was determined. In this manner, the risks associatedwith the operation of the facility can be evaluated. Should this risk
level be found unacceptable, possible corrective action, such as modi-
fying procedures, redesigning equipmenc, increesing preventive
maintenance, etc., can be- evaluated it a cost tradeoff atudy (Section V).

The p•rcedure ecployed in determitting fire ar4 explosion probabil-
ities it presented below, folloved by a discu-sion of th result's for
each of trh subsystems cxoprisii the t acility.

Al incident in this Aaly-s- is defined a4s th Occurreace-of an tatiati•io uvhich Is sustained into A fire, resultiou in lost, of
prodwrt antd/or personnel iojetry. The probability of on in'ident -t ;a
particular point in the facility cao be calculated by first identifyinr
the separate events utbch ore necessary to causo thte incident (via thOelogic model), and tMn dsetrainingI Ot probability of each of the evnts
existing AT thre sMw tier. n e4uation tor=, the probability oi a
single. intcident (e.g., fire in tak) can be expit•ss, as.;

Spp - kIjX p

"t.re: Pp probability of the incident (fire)

p- probability of the luixlatitai event occurring

tV-S
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Cp probability of combustible material present

k= probability of Lnitiation

Fp =probability of the initiation being sustained

F = frequency of occurrence

Each of these terms, as applied to this evaluation, is discussed separately
below.

The term 'PF" is technically an expectancy value, as opposed
to an actual probability, since frequency (F) is incorporated into the
above equation. However, for simplicity, PF will be termed a
probability value throughout this report. The analysis itself is not
altered when this nomenclature is employed.

1 Initiating Event (Ep)

All credible events which may lead to an initiation are
identified by the coxis truc tion and simulation of the logic model. The
probability of at event occurring (e.g., impeller impacts pump housing)
will generally either be time-depetdent or time-independent.

Time-depedendt events cousist of comp4oent fc.ilures And thu
probabilities of these events occwrr!tig are based on the fai lure rates
of the particular compoientc. A coLponent failkre rate, typically
expressed Wn terms of failures per million operatiig hours, is signifi-
cantly tnfluetyed by the actual environment in which the cmponent most
operate. #4ceptable failure rate data may be founl in such data banks
as FARAO'l or nonelectric failuro rate published by RMZE Air Develup-
mwot center.(¼) The data from those sources have, been tabulited from
actual operating records. "ovever, the actu4l failure rates of
compone•ts present it a given system will tiot necessarily be the se,
due to differences in operating eoviroczntats.

Time- indepondent events can generally be classified as
either ttdse which occur normally during an operation (probability
t equal to one) or those wich occur at a result of human error during
the operation (probability equal to Z'3). 1Tis 10- 3 value for the
probabtlity of human error, derived from Hercules' v-rational records,

eants that out of every 1,000 operations 4hich the openitor performs,
an average of ona error can be expected.
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The above discussion of event probability (both time-
dependent and time-indepeudent) applies equally well to both the
fire/explosion analysis and the system reliability prediction.

2 Combustible Material

This is the probability that combustible material will be
present in the area when the initiating event occurs. There are a
variety of modes by which combustible material could be present in the
area of the process under evaluation. These can be generally divided
into three cases: (1) normally present (probability equals one),
(2) present due to operator error (time-independent, probability
equals 10-3), or (3) present due to component(s) failure (time-
dependent, probability based on component(s) failure rate). Examples
of the three cases above are, respectively: AN/NA material in pump
during normal processing, contamination of the area during cleanup,
and contamination of valve stem due to seal failure. In some cases,
the occurrence of both a component and operator fault is required in
crder for combustible material to be present. In addition, there are
instances where the particular fault causing the initiating event to
occur is also responsible for the presence of combustible material
(i.e., common cause failure). In these cases, the probability of the
combustible material being present is taken to be one, given that the
initiating event has occurred.

.3 Initiation (I1)

This is the probability that an initiation will result,
given the occurrence of the initiating event (e.g., impeller strikes
housing) and the presence of combustible material. An initiation is
used in this analysis to mean a decomposition reaction detected by the
use of an infrared detector ("LIRA") during material response testing.
The probability of an initiation occurring is determined by comparing
in-process potentials to material responce data expressed in probabil-
istic form. This is accomplished by the utilization of the probit
technique which has already been described in Section II. In cases
where in-process energies are greater than the TIL energy, an
initiation probability of 1.0 is conservatively assumed.

4 Initiation Sustainment (Pp)

This is the probability that a sustained burning (fire) will
result, given an iniulation. This probability is based on supplemertary
material response testing detailed in Section II. For the AN and AN/NA
materials, a sustainment probability of I x 10-6 is employed.
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5Frequency of Occurrence (F)

The frequency factor takes into account the number of
times the potential initiation event occurs during the 90-day opera-
tional time period. In situations involving continuously occurring
events (e.g., rotation of agitators or pumps) the frequency factor is
defined at 1.0 whereas in cases involving discrete operations or
cycles (e.g., closing valve, etc.), then the factor is computed from
the number of times the potential initiating event occurs during the
90-day operating period. In this regard, frequency values in this
analysis have been based on the facility being started up, operated
for 90 days, then shut down to perform the cleanup and maintenance
procedures.

b. Catastrophe Probability (Pcat)

Once the probability of a fire resulting from a particular
operation in the process has been calculated (PF), the probability of
a catastrophic event (Pcat) occurring from this fire can be determined.
In order to do so, the ability of the combustible material to transit
to an explosive reaction must be known (Rp). A catastrophe is defined
in this analysis to mean an explosive reaction occurring in the facility
which would lead to extensive equipment damage and/or severe personnel
injury. The probability of a catastrophe occurring at some location
in the process is calculated by multiplying the incident probability and
the explosion potential together: Pcat= PFRp,

The explosion potential has been cencluded in this analysis
to be nearly zero (! 10-6) in cases where normal process materials are
exposed to a flame stimuli. This conclusion is based on transition
test data which have been summarized in Section II. This is not to
say, however, that the generation of explosive pressures in the facility
is an absolute impossibility.

For instance, should the AN/NA material be exposed to
elevated temperatures, explosive pressures could build up if the vapori-
zation rate exceeded the vent capabilities of the component (e.g., tank)
under consideration. Similarly, exposure of solid AN to elevated
temperatures (resulting in decomposition) could result in a rupture if
the decomposition gases generated were not adequately vented. In this
latter example, there ts considerable evidence that the rate of AN
decomposition increases with pressure as well as with temperature.( 1 0 , 14 )

Thus, the rate of decomposition will accelerate as pressure from the
inadequately vented gases builds up.

Using the equations and definitions summarized above, the
probability of a fire or explosion occurring in the facility during
normal and abnormal operations has been calculated. A discussion of
the results is presented below.
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2. Fire/Explosion Results

a. Tank Farms (C-3 and C-7)

The C-3 and C-7 Tank Farms consist of a total of six steam
heated tanks, each having three valves: block, level control, and
pressure relief. The analysis indicates that there is an overall
probability of 1.2 x 10-8 of a catastrophic event (explosion) occurring
at the Tank Farms during a 90-day operating period. Essentially 100% of
this value is associated with the buildup of potentially explosive
pressures in a tank(s) due to a critically high product temperature
(nitric acid vaporization). This would require: (1) failure of both
the steam heating system and pressure relief valve of the tank, and
(2) the abnormally high temperature (or pressure) to go undetected.

The overall probability of a fire originating at the Tank
Farms has been determined to be 8.3 x 10-8. Most of this probability
is associated with the disassembly/assembly of process valves during
cleanup or maintenance operations. The normal or abnormal operation of
the valves, in general, were found to contribute only marginally to the
overall incident probability. This is attributed to the relatively
small in-process potentials which will be available. In the analysis,
it was assumed that each valve would be cycled once each day and would
be disassembled once every 90 days.

The steam tracing operations contribute about 10% to the
overall 8.3 x 10-8 fire probability. The probability of a high tempera-
ture occurring in one of the steam traced lines is about 6.9 x 10-3

(initiation probability) although a thermal initiation is unlikely to
be sustained into a fire, unless organic contaminants are present in
the process material.

A summary of the fire/explosion probability analysis per-
formed on the Tank Farms is presented in Table IV-C. Tables IV-D
through -G sumnrarize the individual analyses performed on the block
valve (DURCO plug of Jamesbury ball), level control valve (split body
globe), and pressure valve present at each tank.

Table IV-C

Fire/Explosion Probability Summary
for Tank Farms C-3 and C-7

Catastrophe
Incident (Fire) (Explosion)

Equipment Probability,___ Probability

Block Valves (6) 5.7 x 10-8 5.7 x 10-14

Globe Valves (6) 3.5 x 10-9 3.5 x 10-15
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Table IV-C (Continued)

Fire/Explosion Probability Summary
for Tank Farms C-3 and C-7

Catastrophe
Incident (Fire) (Explosion)

Equipment Probability Probability

Relief Valves (6) 3.0 x 10- 3.0 x 10-15

Steam Tracing 6.9 x 10-9 6.9 x 1015

Tank Heater (6) 1.2 x 10-8 1.2 x 10-8

Total 8.3 x 10-8 1.2 x 10-8

b. Transfer Line (Impedance Heated)

The 3" transfer line feeding into the C-3 and C-7 Tank
Farms will be electrically (impedance) heated using ten individual
heating units (thermostat, transformer, etc.). The analysis indi-
cates that there is a relatively low probability of 8.3 x 10-10 of an
incident (fire) occurring at the transfer line during a 90-day operat-
ing period.

The design of the transfer line is such that in order
for a sufficient thermal initiation stimulus to be available, failures
in both the heating system and temperature monitoring system would
have to coexist. The probability of such condition occurring has
been determined to be quite low (8.3 x 10") due principally to the
independent operation of the two systems. Given an initiation, it is
unlikely that a burning reactaon would be sustained or that the
resultant fire would transit into explosion, as discussed earlier.

Another potential initiation mode is electrostatic dis-
charge from a shorted heating wire. The overall probability of an
initiation occurring via this mode has been determined tR be I x 10,6,
which corresponds to an incident probability of I x 10'".

Should an electrical short or ground failure occur during
transfer operations, exposure of the process materials to the ESD
stimulu would not occur, unless a pipe failure (rupture) also existed.
Simt'lcanoous failures of this nature would most likely be caused by
vehicular accidents, falling trees, which result in severe line damage.
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During cleanup operations, accidental spillage ot the
corrosive process materials upon heating wire circuitry could result
in insulation failure and potential exposure of materials to ESD.
However, current would not normally be on during cleanup and, as such,
an ESD stimulus would not be available. Failure to clean up spilled
materials prior to line startup could result in initiation in shorted
areas. Employment of a protective covering over exposed equipment
during cleanup operations is recommended as a simple means of reducing
the likelihood of an incident occurring as a result of corrosion damage
during poor cleanup procedures. These failure modes do not contribute
significantly to the overall 8.3 x 10-10 incident probability associated
with the transfer line.

c. Pump Houses

An overall probability of an explosion occurring during the
90-day operation of the new pump house (three pumps) has been deter-
mined to be 6 x 10-12, and for the existing pump house (two pumps) it
is 4 x 10-. Operation of the process pumps were found to be the only
significant contributors to these probability values.

As outlined in Section IlI, initiation (decomposition)
will norm-ally occur in the mechanical seals of the process pumps (Wilfley
or Durco iwdels). However, initiation of process materials in this area
will not readily be sustained into a fire and a transition of this fire
into an explosion would require an abnormal condition (organic contaminant
o.f process materials) to exist. These two factors together result in
the relatively low overall explosion probability quoted above.

Because initiation will normally occur in the pump seals,'
abnormal puq) operations ("impeller strikes housing," etc.) or valve
operations do not contribute significantly to either the fire or explo-
sion lwtard probabilitios. io significant difference, in terms of
incident probabilities. wvs foutd between the operation of the Wilfley
model arW Durco "Sealmatic" model pumps.

The hatards evaluation performed on the operation of the
process pumps is summarized in Table IV-i t .

The ittroduetion of organic material into the process flow
cOn significantly increase the ability of the process material to sustain
an initiation into a fire and support a transition to explosion.
Operator error during the maintenance of the process pumps represents
the most probable mode by which oil, grease, etc. could accidentelly be
introduced into the system. When writing cleattup and maintenance pro-
cedures, particular emphasis should be placed upou the avoidance of such
errors.
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d. New Storage Tank (with Heat Exchanger)

Process material in the new storage tank will be circulated
through a heat exchanger to make up for heat loss during storage. The
operation of the storage tank/heat exchan er system contributes
essentially 100% to the cverall 1.1 x 10-' explosion probability asso-
ciated with the 90-day operation of the entire transfer and storage
facility.

A catastrophic potential exists in this area shoultl
abnormally high process temperotýtrea be generattýd .xi L•-i hýost exchanger
and left uncorrected. Signiticanc v4porizsr•:':, of the process liquid
(nitric acid) as well as AN deconposition could occur under &;uch
abnormal temperatures. If not corrected, explosive pressured could
build up in the enclosed storage tank and heat exchanger.

The failure of either the temperature transwitker (TT-3)at the storage tank or the temperature indicator/controller (TIC-3)
which signals the heat exchanger could result in both a critically
high process temperature and no corrective action taken. For cxample,
failure of TT-3 could result tn a false "low temperature" signal toTIC-3 which, in turn, sends a "heat" signal to the heat exchanger.
Tho operator, observing the temperature on TIC-3, wotuld be unaware of
the critically high process temperature. Assuming product was flowing
through the impedance-heated transfer line (i.e., Tank Forms not Lull),
the abnornal product temperature could potentially be detected by an
operator on the litn's temperature indicator. However, shutdown of the
heat exchanger would certainly not be an autoatic decision cr4 could
well be delayed while the transfer lieM is examined. Similarly, if the
Tank Farms were full (no product flowing through the tratisfer line), the
abtormal temperature in the new storage tank/htat exchanger would Uot
be discovered.

Thi probability of explosive pressures building up in this
area, can be reduced by several orders of magnitude by monitoriag the
temperature of the product i=-ediately downstream of the heat excharoer.
The temperature ivdicator (separate from TIC-3) could be installed on
the týaster control panel. lit this ntner, failure of eiUher Tr-3 or
TIC-3 could not, by itself, set up a potentially catastrophic condition.
AN an additional safeguard, a pressure relite valve should be installed
on the unvonted storage tank.

If sufficient explosive pressure were allovcd to build upto rupture the storage tank, this would constitute a Class IV hatvard
under HU"d regulation 385-22. Severe equipment damage would result
and serious bodily injury ftro projectiles would occur should per-
sonnel be in the itmdiate tank area.
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Monitoring of the heat exchanger temperature would not only
reduce the overall cxplcsion probability, but would also reduce the
likelihood of excessive corrosion or product blockage (freezing) occurring
as a result of abnormal process temperatures which go uncorrected (see
Reliability discussion).

D. RELIABILITY EVALUATION

The objective of this evaluation is to determine the overall
probability of loss of operation occurring in the AN/NA transfer system.
Loss of operatiun has bi.en defined -n this analysis as no product from
both Tank Farms C-3 and C-7 for any length of time during a 90-day
opezating period.

The results of the reliability evaluation indicate that there is
an average probability of .18 that at least one failure 1ill occur
(mechanical, electrical, or human) during the 90-day operation, of the
transfer system which will result in no product from both Tank Farms.

The reliability evaluation utilized a system logic model to identify
all critical failure modes which could lead to a loss vf production.
Once identified, the probubklit' of these critfcal failures occurring
wre calbulated based on typical cv,:vmuient failurc r3at data reported in
the literature, ( 4 VS) and human failure rate data derived from !terculea'
operational files.

Thu getieral results f cr this analysis, pr.svented in Sctio. IV-W ,
will, not he stunaried hero. Instead, in 0* rewining Section•*. the
probabilistic approach LN•loyed io the aaalyis- will be discussed
followed by detailed disc~usslonn on thte antalysis pvr:fOnMZVI Oin tho Various
subsystems costprisit-g the eranisfer system. The reliability secvtiou will
be follw.ed by A discussion on hrw to best itnroase o-vrall systtt
reliability (Section V).

As outlined earlier, the- constnrction ait sub sequnt si-Ita.ion
of the logic model results in t'he identification of all failure iodes
(single faults or in cowbination) which are critical to the operatian of
the facility iv tie sense that should any one of them occur, a loss In
production operation vauld result. Included in these ftults are equtlapnt
malfunction aad hu*an error. Onoe a critical failure mode has been
identified, it is necessary to determine the likelihcod or probability
of that particular failno occurrin,. By stming all of the separate
probabilities together, the evurall probability for lost of production
can be obtaiied. This sumation technique ip valid only in cases %here
the individual failure mode probabilitisa are small since no correction
is mode for cate; where two or more critical failure modes may occurs iso 1 ratuously.

IV-18

J,
I

S. ..: . , ., . : , . • . :, - ,: , •: , • • , • , • , .. . . .: , .,, • ;: ., , : • .: .• : ,' : , ., / - , , • , .. . • , .. . : , . • ' • , , •,.. ... . .... ....,.-.. .. . . ....... ..".. ......',. . : , .. . , : • 7 • -'., . ,, = , .•



TABLE tV-I

FAILURE 0? BOTH TANK FARMS TO PASS PRODUCT

Typical Probability of
Failure Failure After

Failhre Mode Rates 2160 Hours

1. FAilure of component steam tracing
(cc P cause)

e. steam pipe fai'ure 1 x 10-8 2.2 x 10-5
b. steam header I x 10-6 .0022
c. steam pressure indicator 8 x 10O1 .0017
d. incorrect installation/selectioa, N .0030

etc. of items a, b. and c

2. Failure of Tant HllaLer,
(corone cause)

a. aCt-lh pipe fait•re I x 10-8 2.2 a 10-5
b, stau headtr I x i0"6 .0022

e. stee. pressure indicator a x 0-7 .0017
d. incorrect NAist1lltion/sekctiun/ .0030

Sdesian of itms a, b, and c
o. incorrect installation/ae•cctiou/ KA .0030

desig of compolents In tank
"tcipcWotro coutrol system at

esbtank-

3. In-correct isalto/ecio/.0200
cainr"asnce ot coftponsults listed
in Table 1V4J

4. Uigher fa.ctor failure =4cs *

Total Probability: .0396
Average Propability: .0198
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The probability of a particular failure mode occurring can be
determined by evaluating the individual fault or fault combinations
comprising the failure. Failt events can generally be classified as
either time dep,-dent (component failure) or time independent (human
error), as previously discussed in Section IV-B-l. In cases where the
failure mode is comprised of a single fault (i.e., single point failure),
the probability of the failure mode occurring is the probability of
the single fault occurring. In cases where the coexistence of two or
more faults is required, the fault probabilities a-re multiplied together
to obtain the failure mode probability.

In cases where a system is found to have numerous single point
failure modes, higher order failure modes (i.e., a two faults) can, in
most cases, be ignored since their contribution to the o~verall
reliability prediction will be minimal. This is not, however, the
general rule when evaluating overall fire/explosion probabilities since
it is not only the probability value which is important, buxt also the
consequences (severity of fire, explosioni).

Pre~sented below it. a discossion olf the reliability evaluation
piirformed on the operation of the AN/NA transer sytem. For simplifi-
-at ion and clarity, the various facility stubsyStems are discussed
separately.

a. ankPit~ ~- tc3 ,nd C'-7)

From rhe aoavs04, it hni hoe-n dioternitied Ovit there isz an
wte rage probability of .0193 that a fallure(s) will occur at the C-3
and C-.7 Tatik Famns doring 90C days of coitinuows operation such that no
prtduct wo.uld he it-lbl frn ohPrs hs oo t filores.
antd operator fauILt inntrlutl'g twst signif leattly t~this I-liability
predictloit are diuacjasd helow.

Theý Tatik Vartzg cointribute only about iO.tt the overall
avorage aiue probability of . If for the entire facility. The rela;-
tively high reliability of the Tat* Fams, can be attributed to t~he fact
that khe0 tum T.-A VParr~i operate etsSenztIlly la'idepondently of Otte
another. Poe tloth rarmg ti,- btl shut down. at least one failure Viould

haveto xistIn ach yst~a.The probability of this ocArriii as

regolt of primary failiires of aechanical (valves, pipos, etc.) or
eet'la (lve rans;lrtters. tsoloooid valvo-,4, etc.) ccopornents is

extremely remoto (-1.0-4) due to their f9-dcvndcnce. 11ovever, necondary
failures of such comsponents, brought about by human error, cannot be
regardt-d as indepondent. Thus. should a level control valve fail at one
of thrioe tanks comprising the C-3 Tank Faro due to improper insuallatietl
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TALLE IV-J

FAILURE OF A TAW AT C-3 OR C-7

Probability of
Typical Failure Failure After

Failure Mode Rates 2160 Hours

Tank I x 10-8 2.2 x 10

2. Tank Heating System (see Table IV-K) .0215

3. LCV-7 5.4 x 10-6 .0117

4. LCV-7 5.4 x 10-6 .0117

5° Relief valve 2.0 x 10-6 .0043

6. EV-6 1.8 x 10-6 .0040

7. EV-6 Coil 1.0 x ]0-6 .0022

8. LSHlH-7 1.5 x 10"' .0032

9. LIC-6 1.6 X I0"6 .0035

0. LT-6 5 x 10-7 .0011

1. EV-7 1.8 x 10-6 .0040

2, EV-7 Coil 1.0 x 10-6 .0022
3. 2" Fill line piping 1 x 1- 8  2.2 x 10-5

4. 2" Fill line flange gasket 1.0 x 10-6 .0022

.5. 2" Fill line flange (loose) INA .0010

.6. LAH-6 1.4 x 10- 6  .0030

.7. LAL-6 1.4 x 10-6 .0030

L8. LSL-6 1.5 x 10-6 .0032

L9. IAHH,7 1.4 x 10-6 .0030

10. P/1-6 8 x 10-7 .0017

1•. LI-6 5 x 10-7 .0011

!2. Steam tracing failure (leading to (see Table IV-L) .0069
excessive corrosion or product freezing)

!3. Incorrect installation/selection/design NA .0200
of above items

Probability subtotal: .1151
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TABLE IV-K

HEATING SYSTEM FAILURE OF A TANK AT C-3 or C-7

Probability of
Typical Failure Failure After

Failure Mode Rates 2160 Hours

1. Temperature transmitter 5 x 10-7 .0011

2. Temperature indicator/controller 1.6 x 10-6 .0035

3. Temperature control valve 7.9 x 10-6 .0170

4. Steam pipe failure l x 10-8 2.2 x 10-3

5. Steam header I lI61n

6. Steam pressure indicator 8 x 10-7 .0017

7. Incorrect installation/selection/ NA .0060
design of above items

Total Probability: .0215

TABLE IV-L

STEAM TRACING FAILURE OF TANK COMPONENTS AT C-3 OR C-7

Probability of
Typical Failure Failure After

Failure Mode Rates 2160 Hours

1. Steam pipe failure (freezing only) I x 10-8 2.2 x 10-5

2. Steam header 1 x 10-6 .0022

3. Steam prossure indicator 8 x I0"7 .0017

4. I'correct installation/selection/ NA .0030
Jesign of above items ....

Total Probability: .0069
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TABLE IV-M

SHUTDOWN OF 3" TRANSFER LINE

Probability of
Typical Failure Failure After

Rates 2160 Hours

1. Pipe or support (1000) failure I x 10- .0220

2. Block valve 2 x 10-6 .0043

3. Flange gasket 1 x 10-6 .0022

4. Fiange (loose) NA .0010

5. Flange (grounded) NA .0010

abnormal product temperature

indicated in line

A. TR-5 1 x .0-6 .0022

B. TT (5A through 5M) 5 x 10-7 .0132

C. Heating unit thermostat (10) 5 x 10-7 .0110

D. Heating unit transformer (10) 2 x 10-6 .0430

E. Heating unit wiring (grounded) 1 x 10-8 .0002

F. Ground alarm (10) 1 x 10-6 .0220

7. Incorrect installation/selection/ NA .0450
design of above items

Total Probability: .1671

Average Probability: .0836

IV-23

I~~~~R~~&6 UWW'dM ti1"2 . . . . .



or maintenance, then it can be reasonably assumed that a similar valve
in the C-7 Tank Farm will fail at the same time. Presumably the same
person will be involved in the maintenance of similar components present
at each Tank Farm. Thus, the secondary failure of the two valves, in
this case, can be regarded as a single point failure: human error.

In addition to operator error, other single point or comnmon
cause failures were identified from the analysis of the two Tank Farms.
These involve the operation of the same steam system supplying the tank
heaters of both Tank Farms. A failure in either one of these systems,
such as a primary or secondary failure of the steam header, would result
in a process upset and the eventual shutdown of both Tank Farms (abnormal
product temperature).

At the current design stage of the facility, the selection
of a particular valve model for utilization as a level block valve at
each tank has not been made. The reliability data available at this
time on the two candidate valves (Durco plug and Jamesbury ball) are not
sufficient to make a quantitative comparison between the two candidates.
However, because of their similarity in design and materials of con-
struction, major differences in reliability would not be expected.

A summary of the reliability analysis on the Tank Farms is
presented in Table IV-1.

From typical component failure rate data and human error
rates, the probability of any one of the critical failure modes (leading
to loss of operation) has been determined for 90 days of operation. The
sum of these probabilities equals the overall probability of failure
during the time period under evaluation. For the Tank Farms, the
probability sum is .0396, as noted in Table IV-I. This means that there
is a probability of .0396 of having at least one critical failure occur
during a 2160-hour (90 days) operating period. Initially, the overall
failure probability will be nearly zero and, as time passes, will
steadily increase to .0396 after 2160 hours. Half of the time, the
failure probability will be less than .0198 whereas, for the other half
of the time, it will be greater than .0198. Thus, the best estimate
of the probability becomes the average, or .0198. This technique for
calculating the average probability of failure is employed throughout
the reliability evaluation.

As a supplementary analysis of the reliability of the Tank-
Farms, th.2 probability of a failure occurring which would result in one
of the six tanks tL•ing inoperative was also determined. The results of
Lhe analysis, although uot applicable to the overall reliability
analysis, can •erve as a troublt. shooting guide by pointing out those
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failures which are more likely to occur. The results of the analysis
are summarized in Tables TV-J, -K, and -L. Not surprisingly, the .115
average probability of failure results primarily from single point
failures of electrical and mechanical components.

b. Three-inch Transfer Line

From the analysis it has been determined that there is
an average probability of .0836 that a failure(s) will occur in the 3"
transfer line (impedance heated) during 90 days of operation such that
no product would be available to both Tank Farms. Shutdown of the
transfer line would result in no product being available from the Tank
Farms only if the transfer line shutdown lasted for an extended period
of time. In the analysis, ic is assumed that failures leading to a
traisfer line shutdown would necessitate an ultimate shutdown of both
Tank Farms. Those system failures contributing most significantly to
the .0836 failure probability are discussed below.

to the overall average failure probability of .18 for tCe entire
facility. Numerous single point feilures could causi the 3" transfer

* line to be shut down. Most of these are associated with the improper

operation of any one of the electrical componer.ts which are present in
each of the ten individual impedance heating units (thermostat, trans-
former, ground alarm, etc.) and those which are eturloyed in process

monitoring (temperature transmitters and recorder). In the analysis
it is assumed that the transfer line would normally be shut down if Lb
critically abnormal pruduct temperature were indicated in the line.

An abnormally high (> 1000F) or low (< 80 0 P) product temperature could
ultimately cause, if left uncorrected, a secondary pipe failure (corro-
sion) or blockage (product freezing), respectively.

It would require the occurrence of at least one failure
in both the heating and monitoring systems to cause an abnormal product
temperature to go uncorrected. Since the two systems wti.l operate and
are maintained independently of one another, the probability of two
independent tystem failures occurring under these conditions is qu 4 to
small (-. 10" per 90 days).

A sunouary of the reliability analysis performed on the
transfer line is presented in Table IV-M.

c. New Pump House

Front the analysis it has been determined that there is an
average probability of .0278 that a failure(s) will occur in the new
pump house during 90 days of operation such that no product would be
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available to the 3" transfer line. Shutdown of the new pump house would
ultimately result in no product being available from the Tank Farms only
if the pump house shutdown lasted for an extended period of time. In
the analysis, it is conservatively assumed that all failures leading to
a pump house shutdown would necessitate an ultimate shutdown of both
Tank Farms.

The new pump house contributes only about 15% to the overall
average failure probability of .18 for the entire facility. The rela-
tively high reliability can be attributed to the fact that there are
three pumps (with associated piping) available for use in the new pump
house, whereas the operation of only two of these are absolutely
necessary: One pump to recirculate product through the heat exchanger
and another pump to supply product to the 3"? transfer line. The third
pump primarily serves as a backup to the other two, although all three
pumps could be used together if required.

Primarily failures of pumps and valves contribute very little
to the failure probability of the new pump house operation. At least
twba,• t 04 bee uhrea pumparbjfi- wbfroue
the pump house is shut down. A single failure, which could cause all
three pumps to be shut down, is more probable than the simultaneous
occurrence of independent failures in two or more of the pumping circuits.

For example, failure of the building heater to supply
sufficient heat is a much more likely cause for the pump house being
shut down than tile primary failure of two pumps. Insufficient heating
could be caused by any one of several single component failures (e.g.,
thermostat, steam control valve, etc.) and would most likely not be
noticed before the product freezes in the pipes. The average probability
of a critical failure occurring in the building heater has been deter-
mined to be about .016 for 90 days of operation, or about 60% of the
pump house failure, probability. In the analysis, it is assumed that a
heater failure will always result in blockage. If the failure were
caught before significant freezing in the product line had occurred, a
shutdown could be avoided. Discussions with Holston personnel on the
existing pump house indicate that failure of the building hteater would
not necessarily result in blockage via freezing due to: (1) tile brief
time the product would be in the pump house and (2) secondary beating
occurring from the operation of pumps.

"Other single point failures identified as potential causes
for the shutdown of the pump house include: pipe failure, valve leaks,
or human error in adjusting/maintaining pumps, valves, etc. A pipe
failure or leaking valve would likely result in an extensive spill,
since the operations in the pump house are only infrequently checked by
an operator. A secondary failure of all three pumps, for example, could
be caused by a single system fault: operator error in adjusting pumps.
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Similar considerations apply to the maintenance and adjustment of the
manual valves in the pump house.

A summary of the reliability analysis performed on the
transfer line is presented in Table IV-N.

At the current design stage of the facility, the selection
of a particular pump model for use in the new pump house has not been
made. Sufficient failure rate data are not available on the two
candidate pumps (Durco "sealmatic" and Wilfley "F"') at this time to
make a quantitative comparison between the two. Since similar materials
of construction will be employed for each pump, failure via corrosion
should not be significantly different between the two pumps. The
primary difference in the design of the two pumps is in the mechanism
by which the mechanical pump seals are release during pumping. The
Wilfley mechanism (mechanical governor) is expected to be slightly more
reliable than the Ikurco mechanism (pressure via solenoid interlock).
However, as discussed earlier, primary failures of these pumps will not
be as important as, for example, secondary pump failures (incorrect
adjustment, etc.) or failure of the building heater. This latter failure
would most critical respect to product freezing, -di6r-r-periods -.

when the pumps feeding the transfer line are temporarily shut down as a
result of some other system failure.

d. Storage Tank and Heat Exchanger

From the analysis, it has been determined that there is
an average probability of .0268 that a failure(s) will occur in the
new storage tank or heat exchanger during 90 days of operation such
that the new pump house would have LO be shut 410A. SnuLdown of the
nmw pump house would result in no product buing available from the Tank
Farms only if the failure(s) causing the shutdown requires an extended
repair time. In the analysis, it is conservatively assumed that all
failures leading to a pump house shutdown would necessitate an ultimate
shutdown of both Tank Farms. Conditions under which a pump house shut-
down would be necessary consist of- (I) high product level indicated,
(2) tank or pipe failure (including excessive corrosion), and (3) block-
age due to freezing. An indication of an abnormally high or low
temperature in the tank would not automatically result in a shutdown.

The new storage tank and heat exchanger contribute less
than 20% to the overall average failure probability of .18 for the
entire facility. Although a failure of any one component present in
the level control system interlocked with existing pump house could
cause a shutdown of the storage tan*, the .0268 probability value is
mostly associated with abnormal heating operations (bayonet heater,
heat exchanger, or steam tracing) resulting in product freezing or
corrosive failure.
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TABLE IV-N

FAILURE OF NEW PUMP HOUSE TO TRANSFER PRODUCT

Probability of
Typical Failure Failure After

Rates 2160 Hours

1, Pipe failure (10) 1 x 10-8 .0002

2. Manual valves (leaking) 1 x 10-6 .0132

3. Incorrect installation/selection/ NA .0070
design of pipes or valves

4. Improper adjustment/maintenan:e NA .0030
of transfer pumps

--Building heater failure (product .
freezes or excessive corrosion)

A. Unit heater 1 0- 2.2 x 0

B. Steam control valve 7.9 x 10-6 .0170

C. Thermostat 5 x 10-7 .0110

D. Steam pipe failure 1 x 10- 8  2.2 x 10-5

E. Incorrect installation/selection/ NA .0040
design of heater components

6. Higher factor failure modes .0004

Total Probability: .0556

Average Propability: .0278
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A failure in the heat exchanger (insufficient heating)
would ultimately result in the process materials freezing if the backup
bayonet heater were either not turned on (manually) or failed to
deliver sufficient heat when turned on. A failure of either the
temperature transmitter (TT-3) or temperature indicator (TIC-3) to
operate properly could result in both the heat exchanger delivering
insufficient heat and the operator being unaware of the low product
temperature. Under these conditions, the bayonet heater would not
be turned on by the operator and the product would eventually freeze.
Thus, it is recommended that a separate temperature transmittf.r and
indicator be utilized in the operation of the bayonet heater. This
could be the same equipment employed in the monitoring of t1-c heat
exchanger operation discussed below.

Other single point failures which could cause product
freezing are associated with the common steam supply system feeding
both the heat exchanger and back-up bayonet heater. Failure of the
steam header, pressure indicator, or pipes would fall under this
category.

Several two factor failure modes were identified as possible
causes of product freezing, although these were found to be relatively
insignificant contribuu'rs to the overall failure probability. An
example of such a failure mode is a primary failure of the temperature
control valve at the heat exchanger and failure of the operator to
notice the low temperature reading on TIC-3.

With respect to potential overheating problems, it has
been atsumed in the analysis that should an abnormally high product
temperature be indicated in the storage tank, the new pump house would
not be shut down. This would depend largely upon the extent of repairs
required to correct the indicated high temperature. The single most
likely cause of a high product temperature is failure of the temperature
control valve (TCV-3) at the heat exchanger, alfhoough other single point
failures wore identified. Should the operator be unaware of the high
product temperature, thus allowing the problem to go uncorrected, a
secondary failure of the tank or pipes would ultimately occur due to
excessive corrosion. This condition is included itn the reliability
analysis of the storage tank operation since it would necessitate the
new pump house to be shut down.

Corrosive failure resulting from an abnormally high product
temperature which goes undetected by tl* operator would require, in most
cases, a failure in both the heating system and temperature monitoring
system. Failure of the teoperature transmitter (TT-3) or indicator/con-
troller (TIC-3) could result in excessive heatitng from TCV-3 as well as
causing the operator to be unaware of the high product temperature.
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Should TCV-3 fail open, with everything else operating
normally, the temperature of the product in the storage tank would
only gradually increase (as measured by TT-3) whereas the temperature
in the output line coming from the heat exchanger would be at a
critically high level. Under these conditions, excessive corrosion of
the line would occur although pipe failure would not be expected unless
the high product temperature existed for an extended period of time
(> 1 day). Thus, a failure in the temperature monitoring system (TT-3,
TIC-3, operator error) would be required before seriously abnormal
corrosion would occur.

A summary of the reliability analysis performed on the
storage tank and heat exchanger is presented in Table IV-O.

Since there is presently no monitor on the temperature of
product coming out of the heat exchanger, excessive corrosion (high
product temperature) of the heat exchanger and downstream piping would
go uncorrected if the temperature of the bulk material in the storage
tank were measured as being normal. Such a condition could be brought
about through a variety of conditions: improper design, poor tank or
pipe insulation, lower-than-expected outside temperatures, steam tracing
failure to supply sufficient heat, etc. Because the product temperature
is such a critical factor in the reliable operation of the facility, it
is necessary that the operation of the heat exchanger be closely
monitored. It is recommended that a temperature transmitter be installed
immediately downstream from the heat exchanger which would feed a
temperature indicator in Building 330. In this manner, abnormal product
temperatures could be rapidly detected. In fact, the temperature
diff-erential between the storage tank and heat exchanger could be
employed as an indirect indicator of q failure in the steam tracing
system, ineffcctiveness of the tank or pipe insulation, blockage in the
circulation product line, or failure of the recirculation pump in the
new pump house. This reommendation has already been made in tetrs of
significantly reducing the overall probability of an esplosion occurring
in the storago tank/heat exchanger area.

e. Existing Pump House

The reliability analysis on the existing putp house was
similar to that performed on the new pump house and from it, an average
failure probability of .0255 was calculated to exist foe- 90 days of
operation. Shutdown of the existing pump house would ultimtely restt
in tw product being available from the Tank Farms only if the pump h1use
shutdown lasted for an extended period of tite. In the analysis, it i-s
conservatively assumed that all failures leading to a pump house shut-
down would necessitato an ultimate shutdown of the Tank Farms.
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TABLE IV-0

FAILURE AT NEW STORAGE TANK AND HEAT EXCHANGER

Probability of

Typical Failure Failure After
Rates 2160 Hours

Tank failure 1 x 10-8 2.2 x 10-5

!° LSH-1 2 x 106 .0043

1. LSHH-2 2 x 106 .0043

4. LSIUi-2 probe 1 x 10"6 .0022

5. LT-1 5 x 10" .0011

6. LI-1 5 x 10.7 .0011

7. Product freezes due to heat exchanger
failure and bayonet heater failuroes
(or tot turned on)

A. TT-3 5 x 10-7 .0011
B. TfC-3 1.6 x 10-6 .0035
C. Steam pipe failure 1 x 10-8 2.2 x 10"s

D. Steam header I x 10-6 .0022

E. Steam pressure indicator 8 a 10i- .0017

V. Higher factor failure wades -- .0001

6. Abuotr~lly high product temperature
causing secondary failure of equipment
(excessive cor-roion)

A. TT-3 5 x !0"7 .0011*

8. TIC-3 1.6 o 10- 6  .0035*
C. Steam tracing falure (see Table IV-I) .0069

D. fligher factor failure uodes -- .0001

9. Incorrect installation/selection/ K .0120

design of above itews

Total Probability: .0536

Average Probability: .0268

* Failure probability already included in itea 7 above.
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As with the new pump house, primary failure of the pumps
and valves were found to contribute very little to the failure
probability associated with the existing pump house. This is mainly due
to the fact that both pumping circuits would have to be unavailable
befor'e the pump house would be shut down. Thus, a single failure, which
could cause both pumps to be shut down, is more probable than the
simultaneous occurrence of independent failures in both pumps. Due to
the similarities ia the operation of the existing and new pump houses,
the reader is directed toward the discussion of the new pump house
operation (Section IV-D-2-c).
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V. TRADE-OFF STUDY

Cost trade-off analysis is normally the integrating factor for
the fire/expiosion and the reliability analysis. This trade-off
study attempts to minimize cost, in terms of the losses resulting
from catastrophic events and the losses incurred when the facility
is shutdown, by increasing safety or reliability. The expenditures
associated with these potential changes are traded off against the
costs incurred when the system is down as a result of failure.

Based on the proposed design and operation of tbe AN/NA Transfer
system, wn overall ex:plosion probability of 1.1 x 10- 6 has been
determiutid to exist. Any reduction in this relatively low explosion
probability value, through process modifications, increased preventa-
tive maintenance, etc., would be more than offset by the increased
costs associated with such modifications. Thus, any modifications
in process design, maintenance schedules, etc., would not be cost
effective in terms of reducing losses associated with a catas-
trophic event.

The recomendations put forth in the Sunary sectiou of this
report consist wostly of minor procedural modifications which if
followed vould sigificaattrly rtdc* cite overall probability of a
catastrophic event o•cxttiagq to the fcility from a level .iich is
alreaady "lAtively jlg. NO, or only a targiual, increase in operiatin.
costs would be , oci~ted Witb mny of teinse %o•-ndatoll•. The. only
Major n~difICAtAiu rooaedlu the f*ciltty &tsign Cm0sista of tam-
perature moatltring of tho product ait the heat "xdangcr, Te o~uipotnt
involved hakld -add very Little to the 4ver4ll cost if the facility, but
would sitnificontly reduce the overall probability of wn %eplosion
occurring in the facility fro* a lkul %iich is Already rclatively low.
In additiou, "ch o odtfic,:atioa uld reduce the likelIo,4 of
excessive corrosion or pracess bhuckage (product greai•) Oceurring
at the hoat exchanger and storage tAnk a• result of an 460=al
process teaperature.

In order to effectively reduce costs associated with eystee
unrel.ability, accurate failure rate dara rust be available -€ .'he
components operAting in the ftftoal AN/NA transfer syt, •,ii '.,
This can be.t be obtained by keeping careful and zfr.alg. t-a.•,s.ncg
records. trem thss•e operatiotial records# re:-$.ty tn e facrea.e4
via availability of spares &nd/or locreaset tatetaaboc.
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APPENDIX B

EXPERIMENTAL DISCUSSION

Material response testing for this program was conducted in accordance

with Hercules procedures. The specific details of each test procedure have

not been included in this report since most of the tests are fully described

in the literature.(15) Any specific questions concerning any of the tests or

experimental results discussed previously in this report should be directed

to ABL.

The following is a brief description of each of the tests used to ob-

tain the material respouse data for this program:

1. Impact

Impact testing of process materials was conducted on the ABL impact

machine. The ABL impact machine is designed to deliver controlled energy

from a falling weight retained in guide bars, through an intermediate ham-

mer, to the test material resting on an anvil. The machine provides a valid

means of obtaining initiation data by impacting a small sample. The data

obtained reflect the effects of velocitk, hatmmer area, particle size, sample

thickness, materials of construction, sample temperature and sample confine-

ment.

Initiation is detected by observing odor, stain, smoke, sample scatter-

ings noise, etc. When any doubt exists concerning initiation detection, the

B-1



limits of the operator's judgment are extended through the use of an infra-

red analyzer. This device is capable of detecting decomposition products,

including such gases as CO, C02 , NO2 and N2 0, between 4-5 microns in the

spectra wavelength with a sensitivity limit of about 40 parts/million.

2. Friction

Friction testing was conducted on the ABL Model I Sliding Friction

machine, a pendulum-driven device. This machine is a versatile device which

is capable of determining the initiation response of explosive materials to

friction over a wide range of conditions. The machine can duplicate almost

any frictional situation with respect to frictional force, velocity, slid-

ing distance, materials of construction involved, arA environment.

3. Electrostatic Disclarge

The electrostatic discharge test is designed to determine the response

of sensitive materials to various electrostatic discharge energy levels.

The material to be tested is placed within a grounded sample container, and

electrostatic energies of various known magnitudes are passed from a point

source through the sample until a maximum energy which will not result in

initiation in 20 successive trials is established. Energy sources consist

of charged capacitorG as well as the energy delivered by a human spark.

4. Particle Impinge.ent

This test is designed to simulate pumping of explosive liquids by

impinging various sized samples up to velocities of . 40,000 fpm onto a

target. Initiation is detected by either a Polaroid camera to record

initiation flashes or a force gage.

8-2



5. Transition

The transition test consists of subjecting explosive materials to bot-

tom flame initiation from a 12 gram (6 gram FFFG and 6 gram 2056 casting

powder) bag igniter. The explosive is placed in schedule 40 pipe, and pipe

diameter and length are varied to obtain a relationship between confinement

diameter and critical height to explosio The critical height is that level

above which explosions will occur as a result nf 3 failures at that level.

Standard container diameters are 1, 2 and 4 inch pipe.

6. Explosive Propagation

This test is designed to determine the miniwum diameter above which

process materials will propagate a high order reaction when confined in a

24 "t long steel pipe. The booster material employed as the detonation source

is Comp. C-4. Detection method consists of a lead plate with Primacord, in

addition to visible inspection.

7. Sust4anedO, ROUCtiQo (Fre)-

This test consists of exposing a 1/2 inch thick layer of material to an

energetic ignition source (thermito igniter or Atlas match) to determine if

a sustained burniug results. The material is hold in an 8" long aluminum tray

and the igniter is placed inside the tray, at the bottom of the test material.

Visual observation of the material after ignition determines the extent of the

burning reaction.
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APPENDIX C

RELIABILITY CALCULATI OMS

The probability of a c-.=ponent failing after a given time interval in

hours is calculated as follovw-

Probability of Failure - 1 e - (Failure Rate) x (Hours)

- (Failure Rate) % (otoirs)

For example, if failure rate is 5410 6 and the time ltterval is 2160 hours,

the probability of failure is:

Probability of Failure -(I - e). (540"6) x(2160)

0.0108

For two componeuts to fail simultaneously:

Probability of failue - (l-ell) (1--0 Iti

(X t 1 ) (Q2 2 )

For example, if l1 (3.Ol10d 6 2 -2y , t = 2160 hours

them, )1 t " (3.q*10-6) (2160) 6,048"l3

X2 t (2.0406)(2160) -4.32uio)03

4'1t )2t - (3.0*106) (2XO
6) (2160)2.

a (Wo-10 2) (4.7656raO6)

- 2.8•1l0"

S~C-l



This example indicates that the single factor failure mode gives probabili-

ties, of failure of 6.5)L10 3 and 4.3•UO , while the probability that tey

will fail simultaneously Is 2.89105. Thus, a single factor failure mode is

approximately 100 times, more severe(= 10-3 vs = 10-5 probability) than two

factor failure modes, or it requirea approximately 100 two factor failure

codes to be equivalent to one single factor failure mode. (For a further

discussion of mathematical treatment of this subject, see reference 18.7

This low contribution of two factor failure modes was also the justi-

fication for merely adding the probabilities of failure. That is, conven-

tiomal probbility theory for adding of probabtlities is as folloves

(i r P(cj) p(Co)* higher order te|ms

(l + C + C3 + + r1d T. rl ei( I 1 -1

,.love• r, as %as nuverically illustrated, the contribuutou of the two factor

failure modes may be neglected since they are vty swall in relation to the

a single fattors, Thus*

r r
V P (~) P (i j) " 0 (all other higher order torb_ are zer-o also).

or K(+l + 2+ £3 +,) - P(Cl) + r(t 2 ) + V (Cr) + "+ (¢)

r
- P(CS)

C-2
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APPENDIX D

CALCULATION OF ADIABATIC FLAME TMPERATIURE FOR AN

The most favorable decouposit£on reaction path for AN from a free
energy standpoint is:

NH4 NO3 - 2H20 + N2 + 1/2 02 (9,16)

Thich liberates 28,470 caioriesfg-mole AN(IO), with all products in the
gaseous state at 2500.

( - G lb-mole NH4$O 3 ) (28,470 cal/g-wole) (454 _b-mole I Bt
lb-mole Z52 cal)

W 5.14 x 0 4 Btu

The heat balance is:
Cr, (T•- 77*F) + CPo2 (T - 77) +t1 t cIpl2o(r (T- )

)Tig2 " .

ý2
2 for all, 64804)

Cp (8) - .7'

5.14 x 1o0 - 1.0(7.2)(r - 71) + 0.5(l.6)(T - 77) + 2.0(8.7) (T - 77)

T - 18904F

Since the itmin-m teaerature fnr a Ralme is lSOO'K( 1 7) or 22411F, thete
it no possibility of a flat. occurriag vith pure Ah.
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The particular decomposition reactio path employed in this
analysis is, from a free energy standpoint, the most favorable. It
is possible, indeed likely, that additional decomposition reactions
may also occur. One alternative reaction suggested by Holston
involves the i,-.mation of nitrous oxide, dinitrogen tetroxide, and
water as decomposition products:

NHi4NO3 -- I/3 N2 0 + 1/6 N2 04 + 2 H20 + 1/2 N2

The heat of reaction of this equation is calculated (via heat of
formation considerations) to be about 20,634 cal/g-mole. Using a
similar "heat balance" approach employed above, an adiabatic flame
temperature of 835 0 F is calculated. This value is again well below
the 2241°F minimum temperature level required for a flame to occur.
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